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Summary 
 
The most important characteristic of an antioxidant is its ability to trap free radicals. In 
recent years, oxygen radical absorbance capacity assays and enhanced 
chemiluminescence assays have been used to evaluate antioxidant activity. The different 
types of methods published in the literature for the determinations of antioxidant activity 
involve electron spin resonance (ESR), chemiluminescence and colorimetric methods. 
These analytical methods measure the radical-scavenging activity of antioxidants against 
free radicals like the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical, the superoxide anion 
radical (O2
•-
), the hydroxyl radical (OH), or the peroxyl radical (ROO). The various 
methods used to measure antioxidant activity can give varying results depending on the 
specific free radical being used as a reactant. 
Recently phenothiazine-based cation radicals have been in significant interest for two 
distinct reasons. First is the similarity of their structure and reactions of their cation 
radicals to those of the intensely studied diphenylanthracene and thianthrene radicals. 
Examination of the kinetics and mechanisms of reactions of these radicals with 
nucleophiles has been very active. In addition, the phenothiazine-based major 
tranquilizers such as chlorpromazine (CPZ) and fluphenazine are very widely used as 
antipsychotic drugs, whose activity and metabolism are believed to involve formation of 
the radical cation as an intermediate. The sulfur atom in chlorpromazine hydrochloride 
molecule is very susceptible to oxidation and the product of oxidation is a red free radical 
with an absorbance maximum at 530 nm. Studies on chlorpromazine radical shows it has 
 iv 
been used successfully in quantifying the metal ions and the oxidizing agent for its 
oxidation and reduction properties (Lee, 1962). 
Although this cation radical shows similar characteristics such as being colored for 
colorimetric methods and self-stabilization to those of ABTS and DPPH, there are no 
much studies to test if chlorpromazine cationic radical can be used as a free radical in 
radical scavenging methods to detect the antioxidant activity.  
In this study the most popular methods for determining antioxidant activity is reviewed. 
In following, kinetic and mechanism of the reaction of chlorpromazine cation radical 
with pyrogallol which is a phenolic antioxidant is investigated by using two methods; 
Method of initial rates and a proposed computational method. Thereafter, the results of 
both methods are tabulated, discussed and compared. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
 
 
 
 
 
 
List of Tables 
 
 
Table  1-1 Active oxygen and related species (Antioxidants in Food, 2001) ...................... 2 
Table  1-2 Mechanism of Antioxidant activity (Antioxidants in Food, 2001)..................... 8 
Table  1-3 Main reactions of non-inhibited lipid auto-oxidation during the initial stage of 
the process ................................................................................................................... 9 
Table  3-1 Extinction coefficients of CPZOH
+
.................................................................. 33 
Table  3-2 Initial reaction rate (mM.s
-1
) of 25 sets for different concentrations of reactants, 
at 25 °C...................................................................................................................... 37 
Table  3-3 k value equivalents based on a bimolecular reaction........................................ 38 
Table  3-4 Order of reaction based on initial reaction rate at 25ºC.................................... 41 
Table  3-5  k (10
 2 
mM
-0.3
s
-1
) values of 25 sets of reactants based on the initial rates at 25° 
C ................................................................................................................................ 42 
Table  3-6 Partial orders of the reaction in different temperatures .................................... 43 
Table  3-7 k values obtained based on the method of initial rates ..................................... 44 
Table  3-8 Activation Energy............................................................................................. 45 
Table  3-9 proposed models of the reaction between CPZOH
+
 and pyrogallol with 
associated kinetic parameters obtained from individual fitting at temperature 15º C
................................................................................................................................... 48 
Table  3-10 Average kinetic parameters from individual fit .............................................. 51 
Table  3-11 kinetic parameters at different temperatures obtained from model 4 of global 
fitting ......................................................................................................................... 54 
Table  3-12 Activation Energy obtained based on Computational Method....................... 56 
 
 
 
 
 
 
 
 
 
 
 
 
 vi 
 
 
 
 
 
List of Figures 
Figure  1-1 Resonance stabilization of phenoxyl radical ..................................................... 4 
Figure  1-2  Pyrogallol structure .......................................................................................... 5 
Figure  1-3 Chlorpromazine cation radical ........................................................................ 15 
Figure  1-4 Resonance stabilization of CPZOH
+
............................................................... 16 
Figure  1-5 Structures of (a) DPPH and (b) ABTS radical ................................................ 19 
Figure  2-1 SFM Apparatus................................................................................................ 26 
Figure  3-1 Spectrum interference of pyrogallol with CPZ.OH
+ 
at 55 ºC.......................... 29 
Figure  3-2 Oxidation of pyrogallol (Haslam, 2003) ......................................................... 31 
Figure  3-3 Graph of CPZOH
+
 calibration curve at different temperatures....................... 32 
Figure  3-4 Average of experimental data of 0.081 mM CPZOH
+
 reacted with 17.625 mM 
of pyrogallol at  15° C............................................................................................... 34 
Figure  3-5 Initial reaction rate of CPZOH
+
 with pyrogallol at 25ºC ................................ 36 
Figure  3-6 v0 vs. [pyrogallol] at constant [CPZOH
+
] ........................................................ 38 
Figure  3-7 v0 vs. [CPZOH
+
] at constant [pyrogallol] ........................................................ 38 
Figure  3-8 Determination of partial order of the reaction with respect to pyrogallol at 
25ºC........................................................................................................................... 40 
Figure  3-9 Determination of order of the reaction with respect to CPZOH
+
 at 25ºC ....... 40 
Figure  3-10 Initial rate of the reaction between 0.081mM CPZOH
+
 and 17.62 mM 
pyrogallol under different temperatures .................................................................... 43 
Figure  3-11  Plot of ln k vs.T
-1
 based on the Arrhenius equation...................................... 45 
Figure  3-12 (a) pyrogallol, (b) pyrogallol radical, (c) pyro-quinone ................................ 47 
Figure  3-13 structures of reactants and products in suggested reaction pathways (model 4)
................................................................................................................................... 49 
Figure  3-14 Stimulated (---) and experimental (°°°°) curves with different models for 0.081 
mM CPZOH
+
 and 17.625 mM Pyrogallol (a) Model 1; (b) Model 2; (c) Model 3; (d) 
Model 4, at 15ºC........................................................................................................ 50 
Figure  3-15 Stimulated (---) and experimental (°°°°) curves ([CPZOH
+
]: 0.081, 0.073, 
0.065, 0.057, 0.049 mM respectively and [pyrogallol]: 17.625 mM, at different 
temperatures .............................................................................................................. 53 
Figure  3-16 plot of ln k vs T
-1
 based on Arrhenius equation ............................................. 56 
  
 1 
 
 
 
 
4 
 
 
 
 
1 Introduction 
1.1 Free Radicals  
 Free radicals are defined as any atom (e.g. oxygen, nitrogen) with at least one unpaired 
electron in the outermost shell. Furthermore a free radical has the capability of being 
existed independently. It can be formed when a covalent bond between entities is broken 
and one electron remains with each newly formed atom (Jenkins et al,. 1993). Free 
radicals are highly reactive due to the presence of unpaired electrons. Any free radical 
involving oxygen can be referred to as reactive oxygen species (ROS). Oxygen centered 
free radicals contain two unpaired electrons in the outer shell. When free radicals steal an 
electron from a surrounding compound or molecule a new free radical is formed in its 
place. In turn the newly formed radical looks to return to its ground state by stealing 
electrons with anti-parallel spins from cellular structures or molecules. Reactive oxygen 
and nitrogen species
 
are known to be produced in the human body in both health and 
disease. In
 
health, they arise as regulatory mechanisms, intercellular
 
signaling species, or 
as bactericidal agents. Their production
 
is normally controlled by the antioxidant defense 
mechanisms
 
that include intracellular enzymes e.g. glutathione
 
peroxidase and superoxide 
dismutase and low molecular-mass compounds
 
such as vitamin E or ascorbic acid. 
Although repair mechanisms
 
exist, some steady-state basal oxidative damage occurs in all
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individuals (Karlsson. J, 1997). In food components oxidation is generally treated as the 
most frequently occurring form of lipid deterioration, which leads to the development of 
rancidity, off-flavor compounds, polymerization, reversion, and other reactions causing 
reduction of shelf life and nutritive value of the food product. Table  1-1 shows some of 
active oxygen and related species. 
Table  1-1 Active oxygen and related species (Antioxidants in Food, 2001) 
O2·
- Superoxide H2O2 Hydrogen Peroxide 
HO·   Hydroxyl radical O2 Singlet Oxygen 
HO2·  Hydroperoxyl radical O3 Ozone 
L·   Lipid Radical LOOH  Lipid Hydroperoxide 
LO2·  Lipid Peroxyl Radical Fe(III) Iron–oxygen complexes 
LO·    Lipid Alkoxyl Radical HOCl   Hypochlorite 
·NO2   Nitrogen Dioxide  
·NO   Nitric Oxide  
RS·   Thiyl Radical  
P·  Protein Radical  
 
1.2  The Definition of Antioxidant 
It seems the term antioxidant is not restrained by any international accepted definition. 
Antioxidant in foods is defined by (Wills, 1980) as “substances that in small quantities are 
able to prevent or greatly retard the oxidation of easily oxidisable materials such as fats”. 
Another definition which is widely used, and covers all oxidisable substrates, i.e. lipids, 
proteins, DNA and carbohydrates is “any substance that when present in low 
concentrations compared to those of an oxidisable substrate significantly delays or 
                    Radical Non-Radicals 
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prevents oxidation of that substance” (Halliwell et al., 1989). These general definitions 
do no confine antioxidant to any specific group of chemical compounds nor refer 
antioxidant activity to any particular mechanism of action.  
A question which may be raised here is that what kind of molecules should be classified 
as antioxidants. A recent critical paper outlines the complexity of this question for the in 
vivo situation (Azzi et al., 2004). For foods and beverages, antioxidants may be related to 
the protection of specific oxidation substrates or the formation of specific oxidation 
products for which threshold values may be defined for different products. 
Thermodynamically, bond energies and standard reduction potentials are some 
parameters that can definitively deduce whether a given radical could be quenched by a 
specific antioxidant or not (Becker et al., 2004). The last definition seems more practical 
in this study.  
1.3 Phenolic Antioxidants 
 
Phenolics are substances possessing an aromatic ring bearing one or more hydroxyl 
substituents. The main structural feature responsible for the antioxidative and free 
radical-scavenging activity of phenolic derivatives is the phenolic hydroxyl group. 
Phenols are able to donate the hydrogen atom of the phenolic OH to the free radicals 
readily, thus stopping the propagation chain during the oxidation process. The resulting 
phenoxyl radicals are stabilized by resonance delocalization, making phenols effective 
antioxidants. The effect of different substituents plays an important role in determining 
the free-radical scavenging rate and capacity of phenolic antioxidants as it affects the 
stability of the antioxidant radical. The presence of a second hydroxyl group at the ortho-
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position of a catechol ring lowers the O–H bond dissociation enthalpy and increases the 
rate of H-atom transfer to radicals and a third hydroxyl group in the phenolic ring 
increases the antioxidant capacity further. This is because the semiquinoid radical formed 
can be further oxidized to a quinone by another radical and also because of formation 
intramolecular hydrogen bonds stabilizes the phenoxyl radical. An electron-donating 
substituent (e.g. alkyl substituent) can enhance the electron density at the oxygen of the 
phenol by the inductive effect, and then leads to an increasingly stable radical, and cause 
a high radical trapping rate. On the other hand, the steric effect of substituents is also 
important to prevent phenoxyl radicals from coupling. While bulky ortho-substituents 
improve the stability of the phenoxyl radical, they limit further scavenging activity. 
Phenoxyl radicals can be stabilized by resonance delocalization which makes it less 
susceptible to molecular oxygen attack as shown below: 
Figure  1-1 Resonance stabilization of phenoxyl radical 
 
 
If different substituents added onto the antioxidant, the radical scavenging rate, capacity, 
and stability of the antioxidant radical will be affected. For instance presence of a second-
hydroxyl group at the ortho-position of a catechol ring, causes a lower OH bond 
dissociation enthalpy, and then in turn increases the H- atom transfer rate. This formation 
is primarily due to formation of a semiquinoid radical which would be in favor to form 
 O
CH
O
CH
O
CH
O
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stable quinone by another radical. Furthermore semiquinoid radical has the tendency to 
form hydrogen bonding with the solvent molecules which further stabilizes the radical  
(Lucarini and Pedulli, 1994). Furthermore, the findings suggest that the structure of the 
B- ring is the primary determinant of the antioxidant activity of flavonoids when studied 
through fast reaction kinetics. It should be mentioned here that the oxidation of 
pyrogallol-type B-rings takes place faster than the oxidation of galloyl groups. 
1.3.1 Pyrogallol     
       
According to the definition at Webster’s Revised Unabridged Dictionary, pyrogallol is a 
phenol metameric with phloroglucin, obtained by distillation of gallic acid as a poisonous 
white crystalline substance. Because of having acid properties it is called also pyrogallic 
acid. Progallol is readily soluble in water and alcohol and is also powerful reducing 
agent. It melts at 133°C and boils at 309°C. In alkaline solutions it can be used as an 
active reducing agent. Its IUPAC name is 1, 2, 3-trihydroxybenzene (Figure  1-2). 
OH
OH
OH        
Figure  1-2  Pyrogallol structure 
 
 
Pyrogallol is primarily used as a modifier in oxidation dyes, including hair dyes and 
colors. It is also used as a developer in photography and holography; a mordant for dying 
wool; a chemical reagent for antimony and bismuth; and as an active reducer for gold, 
silver and mercury salts. As for food aspect, U.S Food and Drug Administration (FDA) 
regulation allows for the use of pyrogallol as a color additive. It may also be used in 
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combination with ferric ammonium citrate for coloring catgut sutures for use in general 
and ophthalmic surgery. In addition with further studies and research it is discovered that 
it exhibits higher antioxidant activity than butylated hydroxy toluene, (BHT) which may 
sometimes be used as a standard for the antioxidant activity measurement (Elliot et al., 
1986). The lower antioxidant activity of BHT may be due to the steric hindrance 
provided by the two tert-butyl groups at the ortho position of BHT, which prevent it from 
abstracting hydrogen. It also involved in a more complex reaction in the giving out of the 
hydrogen to the radical (Bondet et al., 1997). Pyrogallol also has structure which forms 
the B-ring of myricetin, which is an important criterion for the strong antioxidant activity 
(Nishid et al., 2006). Before presenting details of the study, some surveys on the 
antioxidant activity will be reviewed. 
1.4 Antioxidant Activity 
 Various mechanisms are associated in antioxidant activity of polyphenols which are the 
main antioxidant components in food, but the most principle mechanism considered is the 
elevated reactivity of phenolics towards active free radicals. The antioxidant activity is 
the capability of a composition to inhibit oxidative degradation, e.g. lipid peroxidation 
(Roginsky et al., 2005) and in a generalized definition is the kinetics of the antioxidant 
action (Becker et al., 2004). It must be emphasized that the antioxidant capacity 
definition is different from antioxidant reactivity’s. The antioxidant capacity includes the 
duration of antioxidative action, whereas the antioxidant reactivity characterizes the 
dynamics of antioxidation at a certain concentration (Roginsky et al., 2005).  
 Furthermore, antioxidant activity has to be distinguished from the antiradical activity. In 
antiradical activity, a value is defined by the reactivity of an antioxidant to active free 
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radicals, which could be determined by the rate constant for the corresponded reaction. 
However, antioxidant activity is the capability of retarding oxidative degradation. 
Therefore the high antiradical activity does not necessarily mean the high antioxidant 
activity. Particularly, some synthetic phenolics with a relatively high reactivity to active 
free radicals show only a moderate chain-breaking antioxidant activity due to high 
chemical activity of their derived phenoxy radicals or semiquinones (Roginsky et al., 
2003). Furthermore a real antioxidant activity can be characterized partly by involvement 
of oxidative transformation of antioxidant into inhibition (Roginsky, 2003). Mechanism 
of antioxidant activity is summarized in Table  1-2. The activities of antioxidants depend 
not only on their structural features, for instance, on their chemical reactivity towards 
peroxyl and other active species, but also on many other factors, such as concentration, 
temperature, light, type of substrate, physical state of the system, as well as on the 
numerous micro components acting as pro-oxidants or synergists. 
According to (Roginsky et al., 2004) two main approaches can be applied to determine 
the chain breaking antioxidant activity; direct and indirect. In the indirect approach, the 
ability of antioxidant to scavenge free radicals is studied, which is not associated with the 
real oxidative degradation, or effects of transient metals. 
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Table  1-2 Mechanism of Antioxidant activity (Antioxidants in Food, 2001) 
Antioxidant Class 
Mechanisms of 
Antioxidant Activity 
Examples of Antioxidants 
Proper Antioxidants 
Inactivating lipid free 
Radicals 
Phenolic Compounds 
Hydroperoxide Stabilizers 
Preventing decomposition 
of  hydroperoxides into free 
radicals 
Phenolic Compounds 
Synergists 
Promoting activity of 
Proper 
Antioxidants 
Citric acid, Ascorbic acid 
 
Metal Chelators 
Binding Heavy Metals into 
Inactive Compounds 
Phosphoric Acid, 
Maillard Compounds, 
Citric Acid 
Singlet Oxygen Quenchers 
 
Transforming Singlet 
Oxygen 
Into Triplet Oxygen 
Carotenes 
Substances Reducing 
Hydroperoxides 
 
Reducing Hydroperoxides 
in a Non-radical way 
Proteins, Amino Acids 
 
 
 For instance, some stable colored free radicals are well known for their intensive 
absorbance in the visible region (e.g. DPPH, ABTS·
+
). In this case determining chain-
breaking antioxidant activity is changed to determining H-donating activity. However, 
many authors doing so state that they determine the chain-breaking antioxidant activity. 
Although in special cases the H-donating activity may correlate with antioxidant activity 
generally this is not a correct statement. As a result, direct methods are preferred, 
considering other factors being equal. 
Direct methods are normally based on the kinetics of lipid peroxidation. According to 
Roginsky et al., 2005, there are two modes of lipid peroxidation which can be used for 
testing. The first mode is the auto-oxidation when the process is proceeding 
spontaneously, with self-acceleration due to accumulation of hydroperoxide. The free-
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radical chain mechanism of auto-oxidation can be described by three steps of initiation, 
propagation and termination (Table  1-3). The spin barrier between lipids and oxygen can 
be overcome by a number of initiating mechanisms, including singlet oxygen, partially 
reduced activated oxygen species (H2O2, O2·
-, HO·), cleavage of the hydroperoxides, 
described also as chain branching. The alkoxy radical LO· can also abstract a hydrogen 
atom from a lipid molecule, in effect starting a new chain reaction and contributing 
further to the propagation phase. 
 
 
Table  1-3 Main reactions of non-inhibited lipid auto-oxidation during the initial stage of the process 
Initiation 1.              R· + AH RH + A·                                          
1. RO· + AH  ROH + A·  
Propagation 
 
2.        ROO· + AH  ROOH + A· 
1.     R· + A·  RA  
Termination 2.        RO· + A·  ROA 
 
 
There are several shortcomings in this approach; firstly, rate of free radical generation 
changes with the time and therefore remains out of control. Besides, there is a high 
sensitivity of auto-oxidation kinetics to admixtures of transition metals. Consequently, 
experiments based on the auto-oxidation could not be easily repeatable. Furthermore, it is 
not easy to suggest a well-defined parameter determining antioxidant activity.  
The second approach is based on using the kinetic model of the controlled chain reaction. 
By using this mode, reliable, repeatable and easily interpretable data will be obtained. 
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(Roginsky et al., 2004). Several versions of the kinetic models of controlled chain 
reaction were widely applied starting in the 1950s to determine the antioxidant activity of 
synthetic phenolic antioxidants (Barclay et al., 2003; Roginsky, 1988). 
Generally, indirect methods seem to be used more frequently than direct methods. Each 
kind of direct or indirect methods has its own advantages and disadvantages. The direct 
methods seem more adequate, especially those based on the model of the chain controlled 
reaction. Besides, they are commonly more sensitive (Roginsky et al., 2005). However 
most of direct methods are rather time-consuming and it needs a significant experience in 
chemical kinetics to apply them properly. Therefore, direct methods seem not to be 
suitable enough for routine tests. On the other hand, well-developed indirect methods, 
such as the DPPH and ABTS tests, are known as more productive and easier to use. The 
crucial point concerning the application of indirect methods is their informative 
capability. The indirect methods commonly provide for the information on the capability 
of natural products to scavenge stable free radicals, e.g. DPPH and ABTS
+
. 
Application of indirect methods has the disadvantage of poor repeatability. This 
shortcoming is due to the dependence of the results of test on the protocol, on the time of 
incubation and on the reagent concentrations. Standardization of protocols could be a 
particular way to solve this problem. The data obtained with indirect methods should be 
regularly correlated with the data obtained by a direct method in order to obtain more 
precise and reliable determinations. As a result, direct methods could be recommended to 
be used in order to calibrate indirect methods. In following some of the main indirect 
methods are reviewed.   
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1.4.1  ABTS Test 
 
The ABTS method was firstly suggested by Miller, Rice-Evans, Davies, Copinathan, and 
Milner (1993) to test biological samples and then was widely used to test food and 
natural water soluble phenolics. The idea of the method is to monitor the decay of the 
radical-cation ABTS·
+
 produced by the oxidation of 2, 2’-azinobis (3-
ethylbenzothiaziline-6-sulfonate) (ABTS) caused by the addition of a phenolic-containing 
sample. ABTS·
+
 has a strong absorption in the range of 600–750 nm and can be 
determined easily by spectrophotometer. This radical is rather stable in the absence of 
phenolics, but in the presence of an H-atom donor (such as phenolics) it highly reacts and 
converts into a non-colored form of ABTS. The quantity of ABTS·
+
 consumed in the 
reaction with phenolic-containing sample, expressed in Trolox equivalents is determined 
by Miller et al., (1993). This value designated as TEAC, Trolox equivalent antioxidant 
capacity and was reported for Trolox to be as much as 1 (Campos and Lissi, 1997). 
Therefore TEAC for an antioxidant is the number of the ABTS·
+
 radical-cation consumed 
per molecule of antioxidant. So far, a lot of information on TEAC value for individual 
polyphenols (Rice-Evans et al., 1996) and food samples has been achieved. In the 
commercial version the ABTS test is known as the TEAC protocol. In this protocol, 
ABTS·
+
 is generated from ABTS by its reaction with the ferrimyoglobin, and radical is 
produced in turn from metmyoglobin and H2O2 in the presence of peroxidase. However, 
several modifications of this protocol have been suggested for generation and changes of 
ABTS·
+
 in the nature of a reference antioxidant. Ascorbic acid has been suggested as a 
reference antioxidant instead of Trolox by Kim et al., (2002). 
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ABTS test has some advantages in terms of its simplicity allowing its application for 
routine determinations in laboratories. However, one of general limitations of the ABTS 
test for all the indirect methods is that the TEAC value usually characterizes the 
capability of the tested sample to react with ABTS·
+
 and does not determine the 
capability to inhibit the oxidative process. Furthermore, by using phenolics and samples 
of natural products the reaction with ABTS·
+
 occurs rather slowly (Campos et al., 1996; 
Lissi, 1999). Therefore, there would be a dependence of results of TEAC determinations 
on incubation time and the ratio of sample quantity to ABTS·
+
 concentration. As a result 
there is a need for more detailed studies. As mentioned earlier, TEAC is close 
conceptually to the inhibition coefficient. Since this does not characterize the reactivity 
directly, to correlate TEAC with the structure of phenolics more attempts are required 
(Rice-Evans et al., 1996). Another limitation of the method is negligible selectivity of 
ABTS·
+
 in the reaction with H-atom donors. As it follows from the kinetic study of 
Campos and Lissi (1997) and from the recent work of Arts et al., (2003), ABTS·
+
 reacts 
with any hydroxylated aromatics independent of their antioxidative potential. In other 
words, the ABTS test is reduced to titration of aromatic OH-groups including OH-groups 
which do not associate with the antioxidation.  De Beer et al., (2003) proposed two main 
reasons for difference in works reported for different values of TEAC. First different 
strategy of ABTS·
+ 
generation, and second the difference in the time of incubation. When 
ABTS·
+
 is generated enzymatically, simultaneously with its scavenging (as this occurs in 
the TEAC protocol), addition of a phenolic-containing sample may affect the ABTS·
+ 
producing enzyme along with scavenging ABTS
+
. Consequently, the latter may result in 
TEAC overestimation. De Beer et al., (2003) suggested to separate in time the production 
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of ABTS·
+
 scavenging and to standardize the procedure to make the ABTS more reliable. 
A new version of the ABTS test was suggested by Fogliano et al., (1999) where ABTS·
+ 
was changed for the stable DMPD
+
 radical cation which is derived from N, N dimethyl 
phenylenediamine. As Fogliano et al., (1999) and Schleisier et al., (2002) reported this 
method is more productive, easier and less expensive compared with the common 
traditional ABTS test (Roginsky et al., 2005). 
1.4.2  DPPH Test 
 
DPPH test was originally suggested in 1950s to discover H-donors in natural materials. It 
must be the oldest indirect method for determining antioxidant activity. The test was 
quantified to characterize the antioxidant potential of both individual phenolics and food 
as well as of biologically relevant samples. The DPPH test is based on the capability of 
the reaction between stable free radical 2, 2-diphenyl-1-picrylhydrazyl and H-donors 
including phenolics.  DPPH shows a very intensive absorption in the visible region and it 
can be easily determined by the UV–Vis spectroscopy. In spite of ABTS·
+
, DPPH does 
not react with flavonoids, which contain no OH-groups in B-ring (Yokozawa et al., 1998) 
as well as with aromatic acids containing only one OH-group (von Gadov et al., 1997). 
The DPPH test is suggested in dynamic and static versions. While in the dynamic 
version, the rate of DPPH decay observed is measured after the addition of a phenolic-
containing sample in the static version, the amount of DPPH scavenged by a sample 
tested is determined. Dynamic version determines the reactivity, but the static version 
characterizes the stoichiometry of DPPH reaction with H-donor for individual substance 
or active OH-groups in complex mixture. As mentioned above in the dynamic version the 
reactivity is commonly characterized by the starting rate of DPPH decay (Da Porto et al., 
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2000; Nanjo et al., 1999; von Gadov et al., 1997; Yen et al., 1994). The dynamic version 
is recently modified to determine rate constants of the reaction between DPPH and 
polyphenols (Gaupy et al., 2003). It was shown that not only an original polyphenol, but 
also products of its transformation may be involved into interaction with DPPH. In static 
version, the H-donating potential of a sample tested is generally expressed in IC50 that is 
the concentration of antioxidant which provides 50% inhibition (Amakura et al., (2000); 
Arnous et al., (2001); Standley et al. (2001); Yokozawa et al. (1998)). The starting 
concentration of DPPH is different in various works and this leads to a non-realistic 
reported value of IC50 in those works. It would be more justifiable to express the H-
donating capacity as the amount of DPPH, scavenged by a sample tested. Such a study 
have been done by Silva et al. (2002), when the amount of DPPH scavenged was found 
to be proportional to the concentration of flavonoid added. After this approach it is 
possible to compare the data obtained in one work with those of another work.  
1.4.3  Chlorpromazine Cation Radical 
 
The widespread use of phenothiazines has resulted in a large number of studies on their 
chemical properties and reactivity. Among phenothiazines, chlorpromazine (CPZ) is a 
representative one and is also used as a drug in psychopharmacology. Free radical cations 
derived from phenothiazine derivatives are relatively stable. The tricyclic ring structure 
of CPZ is hydrophobic making it soluble in the bulk hydrocarbon phase of membrane 
bilayer systems, while the hydrophilic tertiary propylamine tail region is soluble in the 
polar head group region of membrane bilayers (R. Joshi et al., 2008).  
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Figure  1-3 Chlorpromazine cation radical 
 
 
Chlorpromazine (CPZ) is very susceptible to oxidation and therefore, is easily oxidized 
by oxidants to form a red intermediate, which is stable in acidic media, followed by 
oxidation to a colorless product by an excess of the oxidants. The oxidation of CPZ by 
hydrogen peroxide proceeds by two independent and parallel reactions. One of which 
proceeds through the red intermediate and another directly forms the colorless product. 
The red intermediate has been designated a free radical (C17H19ClN2SOH
·2+
, i.e., 
CPZOH
·2+
), which is a doubly charged cation having absorption maxima at 525 and 530 
nm. The colorless product is the sulfoxide (C17H19ClN2SOH
2+
, i.e., CPZ=O
2+
), which is 
also a doubly charged cation having four absorption maxima near 240, 270, 300 and 340 
nm (Tomiyasu et al,. 1995). The reactions are: 
2C17H19ClN2S + 3H2O2 + 4H
+
 C17 H19ClN2S OH
2+
 + 4H2O   
                                                                 (chlorpromazine cation radical) 
C17 H19ClN2S + 2H2O2 + 2H
+
C17 H19ClN2SO
2+
+3H2O     
                                                                 (chlorpromazine sulfoxide) 
CPZO which is the oxidation product of chlorpromazine hydrochloride, has been first 
used as an analytical reagent for quantitative determination of reductants in biochemical 
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analysis, based on a red color free radical  generation by CPZO in strong phosphoric acid, 
sulfuric acid, and excess chloride. The red radical can be easily reduced to colorless 
chlorpromazine, CPZ. Therefore the amount of reducing agents was estimated by the 
photometric measurement of the decrease in the free radical color (K-T Lee, 1962). It 
also has an excellent electron-donating property which is well established and supported 
by Huckel’s molecular orbital calculation on 10-substituted phenothiazines, which 
indicated that the highest filled molecular orbital in these molecules were not only very 
highly situated, but even in non-excited states, were anti-bonding orbital. In addition it is 
self stabilized by resonance stabilization as shown in Figure  1-4. 
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Figure  1-4 Resonance stabilization of CPZOH
+
 
Furthermore, it is stable in strong acids such as concentrated sulfuric acid but its stability 
would declines with decreasing acid concentration and it will decomposes rapidly in 
neutral and alkaline media. Chlorpromazine sulfoxide radical is generated by oxidizing 
the CPZ to CPZO using hydrogen peroxide (H2O2) and re-crystallized under high 
concentrations of sulfuric acid to maintain the stability of the free radical CPZOH
+
 which 
is used in this study. With generation of the colored CPZOH
+
 radical, it was then used for 
the quantitative estimation of oxidizing agents or metallic ions, where the reductant 
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would reduce the colored CPZOH to the colorless CPZ as shown in Equation 1(Lee, 
1962). 
 
Equation 1 
CPZO  CPZOH
+
      
(Colorless)  (Stable Red Radical) 
Therefore the presence of oxidizing agents will be symbolized by the reduction of the 
color of the chlorpromazine radical solution. 
Equation 2 
2 CPZOH
+
 + NADH / NADPH 2 CPZ + NAD
+
 / NAPH
+    
Studies on chlorpromazine radical shows it has been used successfully in quantifying the 
metal ions and the oxidizing agent for its oxidation and reduction properties (Lee, 1962). 
Some microsomal enzymes including ATPase and cholinesterase are reported to be very 
sensitive to CPZ free radical (Akera et al., 1972, Perez et al., 1994). As a consequent it is 
interesting to investigate whether CPZOH
+
 bear similar characteristics such as being 
colored for colorimetric methods and self-stabilization to that of those radical used in the 
detection of antioxidant activity such as ABTS and DPPH, and to see if it is appropriate 
for antioxidant studies.  
 
 H
+
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1.5  Kinetic studies on antioxidants 
As reviewed antioxidant activity may be described by the terms antioxidant efficiency 
and antioxidant capacity. Antioxidant efficiency refers to the rate at which an antioxidant 
scavenges the oxidizing substance (i.e. the free radical). It is assumed that the initial 
reaction between the radical (R·) and the antioxidant is a bimolecular reaction and thus 
obeys an overall second order rate kinetics. 
 
Equation 3 
R· + AH RH + A·                          
Assuming that the H-atom transferring from the antioxidant molecule to R· is the first 
rate-determining step (RDS) of the reaction, the rate equation may be depicted as follows: 
v = k [R·] [AH]                                       
One of the ways in which k is determined is by using an isolation method in which one of 
the reactants is present in large excess over the other so that the reaction becomes a 
pseudo first order reaction .In practice this method can be used only if the studied 
antiradical compound shows a slow kinetic behavior. 
 However, these type reactions normally are very fast, and researchers may not be 
equipped with instruments suitable for accurate measurement of the reaction rate.  
 
1.5.1  Methods used to measure antioxidant activity  
 
As mentioned in previous sections most of the methods fall under two main categories. 
One involves measuring the formation of oxidation products while the other involves 
measuring the scavenging of oxidizing species. In this experiment, the latter method is 
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employed. The loss of radical is indicated by a loss of color which can be quantified by 
spectrometric-based methods. The radicals commonly used are 2, 2-Azinobis (3-
ethylbenzothizoline-6-sulfonicacid) (ABTS·
+
) and 2, 2-diphenyl-1-picryl hydrazyl 
(DPPH·). 
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(a)                                                                         (b) 
Figure  1-5 Structures of (a) DPPH and (b) ABTS radical 
 
In kinetic modeling, several mechanistic models of antioxidant action are proposed along 
with possible kinetic rate constants of the corresponding reaction steps. A numerical 
approach is then used to perform matching between the experimental data with the 
proposed models. The best-fit model will then indicate the most plausible mechanism of 
reaction.  
Normally, based on antioxidant structure characteristics including several phenolic 
hydroxyl groups which may serve as active points, there are some difficulties in 
pursuance the overall mechanism of the scavenging process. Hence kinetic modeling is 
normally applied to assume the overall mechanism of radical scavenging activity of 
antioxidant under controlled conditions.  
 20 
1.5.2  Order of Reaction and Rate Constant 
 
A typical chemical kinetic study starts with experiments to measure dependence of 
reaction rate on reactants concentration and other factors. There may be inhibition from 
products, salts, metal ions, hydrogen ions, concentration, etc. presence of catalysts and 
light may also affect the rate. Reaction rate also depends on temperature and besides, 
solvent environment and container may affect the reaction. Measurement of dependence 
of rate on several parameters leads to the explanation of the effects at the molecular level 
by a mechanism. In order to deduce a mechanism, the order of the reaction and reaction 
rate constants are the first two parameters to work on. The rate of the reaction (v) is 
usually expressed as change in concentration (c) of reactant with respect to time (t). The 
rate law describes the relationship between rate of the reaction and concentration of the 
reactants: 
Equation 4
                                                     
ν = k cA
m
cB
n                  
Where cA and cB are concentration of the reactants, A, and B, in a reaction with 
stoichiometry m and n, and k is the reaction constant: 
 
Equation 5 
mA + nB  iP                                  
m and n are determined from the experiment and there is no way to obtain them simply 
by balancing chemical equations. They are known as the orders of reaction with respect 
 21 
to the corresponding reactants. The overall order of reaction is the sum of the order of 
reaction of individual reactants. 
There are alternative methods to determine k, including method of initial rates, and 
method of reagent in excess when the rate law is not simple. The last method is often 
used in measuring kinetics of antioxidants. In this method concentration of reactants 
other than the reactant of interest is in excess so that throughout the reaction there is little 
change in concentrations of the excess reactants. As a result, there is little effect of the 
change of concentration of the reagent in excess to the rate of the reaction means; their 
order of reaction is close to zero. In other words, the rate of reaction is only affected by 
the reactant of interest. The reaction constant, k, can be determined once the order of the 
reaction with respect to each reactant is found. 
In this study, two main methods are used to calculate the kinetic parameters; the method 
of initial rate is used first and calculated results are discussed. Thereafter in order to 
obtain more accurate results a computational method is used. In later method Igor 
software is applied for kinetic modeling due to its ability to generate a set of specific 
coefficients which match the user-defined function with the experimental data with the 
least chi-square value (WaveMetrics Inc.). In Igor, the direct time-resolved decay curve 
of CPZOH
+
 is expressed as a differential rate equation deduced from the hypothesized 
elementary chemical reactions in a mechanistic model with rate constants being the 
unknown coefficients. After which, the unknown coefficients can then be evaluated by 
matching the differential functions to the experimental kinetic curves using the Igor 
software. 
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1.6 Aims and Objectives 
 
Recently phenothiazine-based cation radicals have been in significant interest for two 
distinct reasons. First is the similarity of their structure and reactions of their cation 
radicals to those of the intensely studied diphenylanthracene and thianthrene radicals. 
Examination of the kinetics and mechanisms of reactions of these radicals with 
nucleophiles has been very active. Studies on chlorpromazine radical shows it has been 
used successfully in quantifying the metal ions and the oxidizing agent for its oxidation 
and reduction properties (Lee, 1962). Although this cation radical shows similar 
characteristics such as being colored for colorimetric methods and self-stabilization to 
those of ABTS and DPPH, there are no much studies to test if chlorpromazine cationic 
radical can be used as a free radical in radical scavenging methods to detect the 
antioxidant activity.  
In this study kinetic and mechanism of the reaction of chlorpromazine cation radical with 
pyrogallol is investigated to evaluate its ability of being used in antiradical methods. 
Furthermore, the effect of temperature on the reaction and thermodynamic parameters 
will be studied. 
 
 23 
 
2 Materials and Methods 
2.1 Reagents 
Sulfuric acid (98%, analytical grade) obtained from Merck, pyrogallol obtained from 
Merck, chlorpromazine hydrochloride, obtained from May and Baker Ltd, hydrogen 
peroxide solution (30%) obtained from Merck, acetone (analytical grade) obtained from 
Merck, hydrochloric acid (analytical grade) obtained from Merck, sodium hydroxide 
obtained from Applichem, benzene obtained from Merck, and hexane (analytical grade) 
obtained from. J.T Baker. 
2.2 Oxidation of Chlorpromazine Hydroxide 
15 g of CPZ.HCl was dissolved in ethanol and 4.6 ml of 30% H2O2 was added and then 
stirring application was used. After a 5 hours reflux the solvent was removed from the 
solution under reduced pressure using rotary evaporator. The residue was washed with 
the acetone to remove the color. The hydrochloride form of chlorpromazine was obtained 
with a melting point of 204º C -206º C, and a yield of 95%. Then in order to obtain the 
free base of the reactant, the powder was dissolved in HCl, and neutralized with NaOH 
till a white slurry precipitate obtained. The neutral solution was extracted two times with 
200 ml of benzene and then the benzene extract was washed with 40 ml of H2O. After 
which, the extract was dried, the solvent was evaporated off under reduced pressure and 
finally the residue was crystallized using hexane, gave a yield of 80 % CPZO with a 
melting point of 114º C -115º C. 
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2.3  Spectrometry 
 
CPZOH
+
 free radical was prepared
 
by dissolving 52 micro moles of CPZO in 50 ml of 
50% H2SO4, which and contained 200 micro moles of NaCl. A dark pink solution was 
obtained after mixing the reagents. The stock solution was subjected to eight times 
dilution with 50% H2SO4 prior to use as a colored reagent. Similar process is used for 
pyrogallol preparation, in which the solid pyrogallol is dissolved in 50% H2SO4. The two 
reagents prepared are then reacted in a certain volume ratio according to their balanced 
stoichiometry. Then the two pure reagents and the product of their reaction were scanned 
with a reference of pure 50% H2SO4 with Shimadzu UV-1601 at spectrum mode over the 
wavelength range from 700nm to 300 nm. After which the wave length of the apex of the 
distinctive peak was taken to monitor the reaction. The purpose of monitoring the 
wavelength scanning is to ensure the absorbance monitored in the particular wavelength 
is free of interference of antioxidant used, intermediates and the end products formed. 
2.3.1 CPZOH+ Calibration Curve 
 
A 0.13 mM CPZOH
+ 
was prepared by weighting the solid CPZO and following the 
procedure mentioned in the previous section. 
After obtaining the diluted stock solution, it was further diluted using 50% H2SO4 to give 
five different concentrations ranged from 0.13 mM to 0.078 mM and their absorbance 
reading at 535 nm were taken by stopped flow. The optical absorption of the CPZOH
+
 is 
related to its concentration as defined by Beer Lambert’s law. 
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Equation 6 
A 535 nm = ε c l                         
A535 nm refers to the absorbance of the solution at 535 nm, ε refers to the extinction 
coefficient of CPZOH
+ 
in 50% H2SO4 solution and c refers to concentration of the 
reactant (which is CPZOH
+
 here) and l is the path length of the cuvette used during the 
experiment (which is 1 mm in our experiment). Therefore by plotting the absorbance 
obtained vs. the concentration of the CPZOH·
+ 
solution used, the extinction coefficient is 
reflected by the slope of the graph plotted. 
2.4 Kinetic of the Reaction 
Reactions involving potent antioxidants may be difficult to follow using conventional 
spectrophotometers as the delay in manual mixing may prevent one from obtaining 
accurate results. Therefore in this experiment stopped-flow machine is used. The use of a 
stopped-flow machine is usually employed for more rapid reactions as it provides rapid 
mixing and monitoring.  
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Figure  2-1 SFM Apparatus 
 
In this system, the drive motor is used to rapidly inject two solutions e.g. reagents in 
syringe A and syringe B, together into a mixer. The solutions then flow into the 
observation cell (i.e. the 1mm path length cuvette) displacing the previous contents with 
freshly mixed reactants. A stop syringe is used to limit the volume of solution expended 
with each experiment and also serves to abruptly stop the flow. The flow of solution into 
the stop syringe causes the plunger to move back and trigger data collection. The fresh 
reactants in the observation cell are illuminated by a light source and the change as a 
function of time in many optical properties such as absorbance, fluorescence, and light 
scattering, turbidity or fluorescence anisotropy is monitored. All five different 
Driving Motor 
A B
 
Data Collection 
      Trigger                                             Stop Syringe      
Observation  
        Cell  
  Mixer 
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concentrations of solution (either antioxidant or free radical) were under absorbance 
reading at 535 nm, with 0.52 mili second intervals. Each molar ratio was run at triplicate 
and the entire experiments were repeated five times but at different temperatures namely 
15º C, 25º C, 35º C, 45º C and 55º C respectively. 
2.5  Antioxidant Kinetic Data Analysis 
The H-atom Transfer from an antioxidant molecule to free radical (i.e. CPZOH
+
) is the 
first rate determining step (RDS), of an anti-radical mechanism as shown in Equation 7; 
 
Equation 7  RDS between CPZOH
+
 and antioxidant 
 CPZOH
+
 + AH CPZ +A·     
 
With this reaction the rate equation may be depicted as shown in Equation 8; 
Equation 8 
Rate =k [CPZOH
+
]
m
[AH]
n                            
  
 
Where the rate refers to the reaction rate (mMs
-1
), the k refers to the rate constant of the 
initial scavenging reaction, and the m and n refer to the partial reaction order with respect 
to [CPZOH
+
] and [AH]. Theoretically the m and n are equal to one when the reaction is 
an elementary reaction. In that case a bimolecular kinetic reaction for the first RDS may 
be assumed and the rate constant can be obtained by simply integration on Equation 4. 
Unlike when m and n are in fractional values, the description of the interaction between 
the reactants would be more complicated with other reaction steps. Therefore in that case 
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using mathematical software such as Igor Pro 4.02 A with the proposed possible 
mechanisms of the reaction is what normally is done. 
Igor software is able to analyze the rate constants statistically by using a nonlinear 
regression procedure. Based on the user defined rate equation, the software will 
automatically solve the unknown rate constants by matching the experimental data with 
the least chi-square value. The graph fitting process is initiated by some arbitrary guesses 
on the rate constant. The software will then analyze through the data and provide the 
constant values that give the least chi-square values between the experimental and 
simulated data. 
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3 Results and Discussion 
 
3.1  Spectrum and Calibration Curves 
3.1.1 Spectrum 
 
   A spectra wavelength scan was performed to determine the most suitable wavelength 
for monitoring the reaction between chlorpromazine cation radical and pyrogallol. The 
spectra scan was performed on 0.104 mM of CPZOH
+
 (Figure  3-1) which peaks at 
wavelength 530 nm. The maximum absorbance observed from a previous study was 535 
nm (K.T.Lee, 1961). This difference in absorbance reading is likely due to errors in 
experimental. 
 
 
Figure  3-1 Spectrum interference of pyrogallol with CPZ.OH
+ 
at 55 ºC 
 
    Pyrogallol is used in this study as a strong antioxidant to react with CPZOH
+
. It has 
been observed that during the experiment depending on the temperature and time, 
pyrogallol’s color changes to yellowish brown. This can be mainly due to the potential of 
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oxidation in pyrogallol which takes place especially in temperatures above 30ºC. Figure 
 3-2 shows the steps involved in pyrogallol oxidation forming. The oxidation process of 
pyrogallol which causes its darkening can also be observed at temperatures as low as 
15ºC -35ºC. The rate of browning, however, is slow and is hardly detected during the 
time frame of the kinetic studies done here. However, when higher temperatures are used 
the rate of oxidation increases and browning can be observed during the time frame. 
Figure  3-1 also shows the spectrum of pyrogallol monitored at 55ºC. Consequently 
oxidation of pyrogallol should be taken into account in the modeling of reaction kinetic 
between CPZOH
+
 and pyrogallol. 
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Figure  3-2 Oxidation of pyrogallol (Haslam, 2003) 
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3.1.2 CPZOH+ Calibration Curves 
 
The calibration curves of CPZOH
+
 at different temperatures are shown in Figure  3-3. 
Extinction coefficients in different temperatures are calculated from the slope of the 
graph using Equation 2-1 (Beer-Lambert law). Optical path length in SFM 300 is 1 mm.   
 
 
Figure  3-3 Graph of CPZOH
+
 calibration curve at different temperatures 
 
 Molar extinction coefficients of CPZOH
+
 at different temperatures and their average 
values are summarized in Table  3-1. 
 No certain trend can be observed in extinction coefficients by varying the temperature. 
According to high stability of chlorpromazine radical (Lee, 1974) this uncertain trend 
basically can be due to errors in experimental data. The average extinction coefficient 
value is calculated as 6810 M
-1
.cm
-1 
± 0.0086 and correlation coefficient of 0.9945. The 
average value does not correspond to that reported by Lee, 1962 which was a value of 
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10400 M
-1
cm
-1
. This may be due to errors in experimental and also different devices used 
for spectrophotometry monitoring; since in this study SFM-300 absorbance spectra was 
used instead of Unicam SP 600 spectrophotometer in the mentioned study. 
Also there is difference in wavelength used in obtaining the absorbance. Absorbance of 
530 nm is used in this study whereas absorbance of 535nm was used in the mentioned 
study. The decrease of absorbance was determined at 535 nm at 0 second, until the 
reaction reached plateau which is 40 seconds. the exact initial CPZOH
+
 concentration in 
the medium was calculated from a calibration curve with the beer-lambert equation. 
 
         Table  3-1 Extinction coefficients of CPZOH+  
Temperature 
(ºC) 
Extinction Coefficient 
 (M
-1
.cm
-1
) 
Correlation Coefficient (R
2
) 
15 5734 ± 0.0040 0.9711 
25 6620 ± 0.0028 0.9542 
35 8324 ± 0.0067 0.9612 
45 7845 ± 0.0064 0.9661 
55 7250 ± 0.0121 0.9569 
Average 6810 ± 0.0086 0.9945 
 
3.2 Kinetics Based on Initial Rate Method 
3.2.1 Reproducibility of the Experiment Results 
 
Reproducibility is one of the main principles of the scientific methods, and refers to the 
ability of an experiment to be accurately reproduced, or replicated. 
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In order to obtain reproducible results, repeating the experiments should be done at 
different condition at different time, and by the different chemical stocks. In our study 
reproducibility of the reaction between CPZOH
+
 and pyrogallol is tested and the results 
show although they are not 100% reproducible there is a good agreement between 
different experimental data results at different conditions. In Figure 3.4 which shows a 
typical decay curve of CPZOH
+
, average data of two triplicate trials at different 
conditions are calculated (at the same temperature and concentration ratio, but different 
time and chemical stocks) and the small standard deviation observed indicates a high 
degree of reproducibility. 
    
 
    Figure  3-4 Average of experimental data of 0.081 mM CPZOH
+
 reacted with 17.625 mM of pyrogallol 
at  15° C 
 
The reaction shown in Figure  3-4 comprises of two stages. Initially there is a rapidly 
decrease of the free radical. However, the reaction proceeds slowly until it reaches a 
plateau. 
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3.2.2 Determination of Initial Reaction Rate  
 
Given that the H-atom transfer from the antioxidant molecule to CPZOH
+
 is the first rate-
determining step (RDS) of the reaction (Equation 3.1), the rate equation is depicted as 
follows: 
Equation 9 
v0 = k1 [CPZOH
+
]0
 m
 [AH]0
 n            
 
Where v0 is the initial reaction rate (mMs
-1
), k1 is the rate constant in mMs
-1
 of the first 
RDS, and m and n are the partial orders of reaction of CPZOH
+
 and pyrogallol 
respectively. 
 Measurement of the initial reaction rate in this study was carried out by keeping the 
concentration of one of the reactants (either CPZOH
+
 or pyrogallol) constant while 
changing the concentration of the other reactant.   Figure  3-5 shows the initial reaction 
rate of CPZOH
+
 decay curve. The initial reaction rate (mMs
-1
) can be determined from a 
linear graph fitted the initial part of the CPZOH
+ 
decay curve. For instance, the reaction 
rate of 0.0363 mMs
-1 
at 25ºC is obtained from the reaction between 0.081 mM CPZOH
+ 
and 17.625 mM pyrogallol   Figure  3-5. 
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  Figure  3-5 Initial reaction rate of CPZOH
+
 with pyrogallol at 25ºC 
 
To obtain the initial reaction rate, the minimum time intervals are taken (X axis) in order 
to optimize correlation coefficient. Furthermore, concentration of CPZOH
+
 is converted 
from absorbance values (Y axis).  
Using the above method initial reaction rates for combination of five different 
concentrations of both reactants (pyrogallol and CPZOH
+
) are calculated and summarized 
in Table  3-2. As can be seen, initial rate obtained from the CPZOH
+
 decay curve 
generally tend to reduce with the decrease of concentration of pyrogallol while the 
radical’s concentration is constant. The same trend is observed when the concentration of 
radical is reduced in constant concentration of pyrogallol.  
 
 
 
 
 
 
 
 37 
 
 
 
Table  3-2 Initial reaction rate (mM.s
-1
) of 25 sets for different concentrations of reactants, at 25 °C   
         [CPZOH
+
]/mM 
 
[pyr]/mM                     
  
 
0.081 
 
0.073 
 
0.065 
 
0.057 
 
0.049 
 
17.62 
0.0363 
 
   0.0361 0.0345 
 
0.0331 
 
0.0315 
 
 
15.86 
 
0.036 
 
0.0349 
 
 
0.0318 
 
0.0314 
 
0.0287 
 
14.10 
 
0.0316 
 
 
0.0276 
 
 
0.0267 
 
0,0252 
 
0.0245 
 
12.33 
 
0.0291 
 
 
0.0283 
 
 
0.0257 
 
0.0234 
 
0.0213 
 
                 
10.57 
 
0.0265 
 
 
0.0248 
 
 
0.0233 
 
0.0219 
 
0.0204 
 
Assuming a bimolecular elementary reaction with m=n=1, and from table 3-2, k values 
can be calculated with respect to equation 3-1 as a constant value is obtainable for each 
reactant. Therefore reactant’s concentration versus initial reaction rate is plotted to obtain 
the slope of the plot which is equivalent to k value (Figure 3-6 and 3-7). 
 
v0 = k0 [CPZOH
+
]0
 m
 [pyr]0
 n   
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10.57 11.57 12.57 13.57 14.57 15.57 16.57 17.57
[pyrogallol]
v
0
[CPZOH+]=0.081 mM [CPZOH+]=0.073 mM [CPZOH+]=0.065 mM [CPZOH+]=0.057 mM [CPZOH+]=0.049 mM
 
Figure  3-6 v0 vs. [pyrogallol] at constant [CPZOH
+
] 
 
0.018
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0.028
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0.038
0.049 0.059 0.069 0.079[CPZOH
+
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v
0
[pyr]=17.62 mM [pyr]=15.86 mM [pyr]=14.1 mM [pyr]=12.33 mM [pyr]=10.57
 
Figure  3-7 v0 vs. [CPZOH
+
] at constant [pyrogallol] 
 
Table  3-3 k value equivalents based on a bimolecular reaction 
 with Respect to CPZOH
+
 with Respect to pyrogallol 
Average k (s
-1
) 0.20 0.001 
Standard Deviation 0.03 0.08 x 10
-5
 
 
Averages of obtained k values are shown in Table  3-3. Rate constants of the reaction with 
respect to reactants are highly different and this may be due to their structure (collision 
theory) and activation energies needed for the reaction. 
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However, evident of pyrogallol browning shows that in high possibility the reaction 
involves more than one step. Therefore it is more complex than a simple bimolecular 
elementary reaction and consequently, an accurate method is needed to calculate the 
order of the reaction properly.  
3.2.3  Determination of Order of the Reaction 
 
The determination of partial order of the reaction between CPZOH
+
 and pyrogallol can 
be obtained by plotting the logarithm of the initial reaction rate versus logarithm of the 
reactant concentration, using the five sets of value from different concentrations of the 
reactant (Figure  3-8 and Figure  3-9). The gradient obtained from the plot would represent 
the partial order of the reaction according to the reactant. This is done based on the 
relationship between the partial order of a reactant to both v0 and the concentration of the 
reactant derived as shown in Equation 3-1. From Equation 9 we will have equation 
below. 
 
log v0= log k0 + m log [CPZOH
+
] 0+ n log [pyrogallol] 0   
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Figure  3-8 Determination of partial order of the reaction with respect to pyrogallol at 25ºC 
 
The partial order of reaction with respect to pyrogallol is obtained for certain 
concentrations of CPZOH
+
, and the average value of reaction order is calculated as 0.777. 
The same procedure for the order of the reaction with respect to CPZOH
+
 is done and the 
average value is obtained as 0.495. 
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Figure  3-9 Determination of order of the reaction with respect to CPZOH
+
 at 25ºC 
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Partial orders of reaction can be used as indicators for mechanism of the reaction.  Partial 
orders of pyrogallol and CPZOH
+
 close to 1 would indicate that a bimolecular kinetic 
model is adequate to describe the reaction and this can be used to determine the kinetic 
rate constants of their rate determining steps (RDSs). Fractional orders which are less 
than 1 imply the reversible action of the reaction products and the dissociation of the 
reactive forms prior to the RDS. 
Table  3-4 Order of reaction based on initial reaction rate at 25ºC 
 With Respect to CPZOH
+
 With Respect to pyrogallol 
Average Partial Order 0.50 0.78 
Standard Deviation 0.07 0.09 
 
As shown in Table 2, reaction order with respect to CPZOH
+ 
is 0.5, and in a similar way 
it is less than 1 (about 0.8) with respect to pyrogallol which means none of them has a 
bimolecular reaction mechanism, and there are some dissociation of both reactive forms 
prior to the RDS. 
Consequently, the k value can be obtained based on the method of initial rate at 25ºC of 
temperature.      
                                
k0 = v0 / [CPZOH
+
]0
0.5
 [pyr]0
 0.78        
 
Table  3-5 shows the rate constant values calculated using the equation above which is 
taken from equation 3-1. 
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Table  3-5  k (10
 2 
mM
-0.3
s
-1
) values of 25 sets of reactants based on the initial rates at 25° C 
         [CPZOH
+
]/mM 
 
[pyr]/mM                     
  
 
 
0.081 
 
 
0.073 
 
 
0.065 
 
 
0.057 
 
 
0.049 
                
              17.62 
   1.4 
 
1.4 
 
1.4 
 
1.5 
 
1.5 
 
 
15.86 
 
1.5 
 
1.5 
 
1.4 
 
1.5 
 
1.5 
 
14.10 
 
1.4 
 
 
1.3 
 
1.3 
 
1.4 
 
1.4 
 
12.33 
 
1.6 
 
 
1.5 
 
1.4 
 
1.4 
 
1.4 
 
 
10.57 
 
1.8 
 
 
1.5 
 
1.4 
 
1.4 
 
1.5 
 
The average k is calculated as 1.45x10
-2
 mM
-0.3
s
-1
. It is important to emphasize that the 
unit of k can vary depending on the order and mechanism of the reaction. As can be seen 
the average k value obtained is much higher than that of the bimolecular reaction based 
calculated. 
3.2.4 The Effect of Temperature 
 
Beside the study on kinetics of chlorpromazine cation radical reaction with pyrogallol, 
the effect of different temperatures on the reaction rate is experimentally investigated in 
this study. Figure 3-10 shows initial rates of the same reactions in different temperatures. 
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Figure  3-10 Initial rate of the reaction between 0.081mM CPZOH
+
 and 17.62 mM pyrogallol under 
different temperatures 
 
Figure  3-10 shows that by increasing the temperature from 15ºC to 45ºC, the initial rate 
of the reaction significantly increases.  
The order of the reactions and k values for different temperatures are calculated by the 
method of initial rate as described in previous section for 25ºC of temperatures. The 
results are shown in Table  3-6 and Table  3-7. 
Table  3-6 Partial orders of the reaction in different temperatures 
Partial Order 15ºC 25ºC 35ºC 45ºC 
CPZOH
+
 1.24 ± 0.5 0.50 ± 0.07 0.80 ± 0.13 0.84 ± 0.43 
pyrogallol 2.54 ± 0.5 0.78 ± 0.09 0.40 ± 0.14 0.27 ± 0.14 
 
As shown in Table  3-6 orders for both reactants are less than one, except in 15ºC, 
indicating that in temperatures 25ºC, 35ºC and 45ºC, the mechanism includes dissociation 
before first RDS. However, in 15ºC fractional orders are more than one implicating 
complexation of reactive forms prior to the RDS.  
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Such mechanisms do not agree with the structures and reactions of pyrogallol and 
CPZOH
+ 
molecules. As mentioned in previous sections chlorpromazine cation radical has 
a very stable structure form in acidic media in different temperatures. Therefore its 
dissociation prior to the first RDS which means an activation step prior to any reaction 
with pyrogallol do not tally with its structure characteristics. Moreover, the orders seem 
evolve during the reaction, indicating several different reaction steps and a feedback 
action of the reaction products. The reaction follows an overall pseudo-first order kinetic 
model in 25ºC, 35ºC, 45ºC whose orders are, respectively an average less than 0.5 for 
pyrogallol and less than 0.8 for CPZOH
+
. So, the RDS is first the bimolecular reaction, 
and then, a more complex mechanism involving few forms of CPZOH
+
 and numerous 
species of pyrogallol at the end. The global orders more than 3 in 15ºC show some 
complexation and specially pyrogallol dimmerization. However, determination of the 
actual orders with respect to each reactive form seems impossible practically because of 
very rapid kinetics. 
Table  3-7 k values obtained based on the method of initial rates 
Temperature Average k Standard Deviation 
15ºC 0.013 0.002 
25ºC 0.014 0.009 
35ºC 0.15 0.01 
45ºC 0.28 0.01 
 
As shown in Table 3-7 there is a direct relationship between the increase in temperature 
and k values. In 25ºC, a large standard deviation is obtained which might be due to errors 
in experimental data. From 15ºC to 25ºC there is not a significant increase in k value. 
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However, it appears almost ten times more from 25ºC to 35ºC and then in 45ºC the value 
is double of that in 35ºC. 
3.2.5 The Arrhenius Plot 
 
 Evaluation of the activation energy based on the Arrhenius equation seems necessary to 
rationalize the dependence of the reaction rate to the temperature changes.  
ln k=ln A - Ea(RT)
-1
 
 
Thus, a plot of ln k versus T
-1
 was plotted and results in a linear curve with slope 
equivalent to –Ea/R and a y-intercept as ln A is shown in Figure  3-11 below. 
 
y = -9248.4x + 27.689
R2 = 0.7878
-5
-4
-3
-2
-1
0
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035
T
-1
ln
 k
 
Figure  3-11  Plot of ln k vs.T
-1
 based on the Arrhenius equation 
 
 
Table  3-8 Activation Energy 
-Ea/R (10
3
K) Ea (kJ/mol) 
9248 77  
 
Obtained activation energy shows that based on k values obtained by initial rate method; 
a value of 77 kJmol
-1
 is needed for this reaction to take place.  
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The initial rate method is a simple, easy to use and relatively accurate method in kinetic 
studies but it requires that the reaction pathway to be known. As the calculation of 
reaction orders shows the reaction pathway is more complex than a bimolecular-type. 
Furthermore, because our study includes investigation of the mechanism of the reaction 
when subjected to different temperatures, there is an oxidation and polymerization of 
pyrogallol which is susceptible to high temperature (35ºC-55ºC) unequivocally implies a 
complex reaction is happening. On the other hand the reaction rate observed are based on 
concentrations directly converted from absorbance which is influenced by browning 
evidence of pyrogallol in high possibility. Thus, it is too difficult to solve the reaction 
equations mathematically. In order to obtain a more accurate mechanism utilization of 
computational method is studied. The computational method which is used in this study 
includes kinetic modeling, simulation and fitting data by a user-defined program in Igor 
Pro software. 
3.3 Kinetics Based on Computational Method 
3.3.1  Kinetic Modeling  
 
According to the previous sections the reaction of pyrogallol with CPZOH
+
 seems more 
complicated than an elementary reaction, and in a high possibility includes more than one 
step, such reversible steps, dissociation pathways, disportionation, dimerisation and 
solvent effects, etc. Igor Pro 4.02A is used as a mathematical software in order to 
simplify the measuring the kinetic process. This software eases the ability of iterative 
matching between the experimental data and the proposed models for the calculation of 
the rate constant at the various steps involved. The best fit model then would be defined 
as that with the minimum changes of kinetic parameter (rate constant) in different 
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concentrations. Thereafter the best fit model is used to study the mechanism of the 
reaction and the kinetic parameters for the reaction at different temperatures i.e. 15º C, 
25º C, 35ºC, 45º C, 55º C. The kinetic models suggested for mechanism of the reaction 
are listed in Table 3-5. It is obvious that one of them has the most similarity to the actual 
reaction pathway and would be the most plausible results. 
 
Figure  3-12 (a) pyrogallol, (b) pyrogallol radical, (c) pyro-quinone 
 
Proposed models for the mechanism of the reaction between pyrogallol and CPZOH
+
 are 
shown in Table  3-9. The kinetic parameters shown in Table  3-9 are average of k values of 
combination of different concentrations at fixed temperature (15° C). 
 
 
 
 
 
 
 
 
   
OH
OH
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Table  3-9 proposed models of the reaction between CPZOH
+
 and pyrogallol with associated kinetic 
parameters obtained from individual fitting at temperature 15º C 
Model Reaction Pathways Average kinetic 
parameters 
Chi 
Square 
1                                          k1 
CPZOH
+
 + pyrogallol CPZ + pyrogallol·             
 
k1= 162.05 ± 12.80 3.61 x 10
-3
 
2                                          
                                         k1 
CPZOH
+
+ pyrogallol CPZ+ pyrogallol·                                        
k1= 0.56 ± 0.20 
k1’= 162.34 ± 30.78 
6.67 x 10
-4
 
3                                             
                                            k1 
CPZOH
+
 + pyrogallol  CPZ + 
pyrogallol·                         ’ 
                                                                  k2  
CPZOH
+
 + pyrogallol·  pyro-quinone 
+ CPZ                                    
k1= 67.34 ± 1.02 
k1’= 1.68 ± 0.76 
k2= 0.41 ± 0.12 
k2’= 0.80 ± 0.89 
5.50 x 10
-4
 
4                                            
                                          k1 
CPZOH
+
 + pyrogallol  CPZ + 
pyrogallol·                          
                                            k2 
CPZOH
+
 + pyrogallol· pyro-quinone + 
CPZ                                    
                                            k3 
pyrogallol· + pyrogallol·  
 pyrogallol- pyrogallol                           
 
k1 = 1.17± 6.7 x10
-2
 
k 2=1.46± 6.7 x 10
-2
 
k2’ = 1.32± 10
-3
 
k3 = 14.95± 4 x 10
-2
 
k3’ =1.41 ± 7.2 x10
-3
 
3.69 x10
-4
 
 
 
 
 
k1’ 
k1’ 
k2’ 
k2’ 
k3’ 
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Figure  3-13 structures of reactants and products in suggested reaction pathways (model 4)  
 
As can be seen although the mechanism proposed with a single step scavenging model, 
(the first model) has a small chi square; its standard deviation value is high. The modeled 
simulated curves also did not fit well the experimental curve as shown in Figure  3-14(a). 
Thus a backward reaction is added in model 2, and it has a slight effect on the standard 
deviation and a significant reducing effect on the chi square value. However, the modeled 
graph seems not to fit the experimental graph better than the single step mechanism as 
shown in Figure  3-14(b).  
Therefore the formation of pyro-quinone (quinine methide) is considered due to the two 
steps H-donation of CPZOH
+
 and pyrogallol assay. Using the additional steps cause to a 
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relatively high decrease in standard deviation value. By the way it seems the decrease in 
chi square value is not significant. Besides, it can be seen that the chi square is a small 
amount in most of the models indicating the modeled curves can fit the experimental data 
in a good conforming level. 
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Figure  3-14 Stimulated (---) and experimental (°°°°) curves with different models for 0.081 mM CPZOH
+
 
and 17.625 mM Pyrogallol (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4, at 15ºC 
 
To determine the accuracy of a model two main criteria may be used. The first is the 
goodness of fit which is determined by chi square value, and the second factor is the 
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consistency of the kinetic parameters indicated by the degree of the differences in rate 
constants. Therefore in this study it seems there were a relatively accurate model 
proposed in which the model 4 has a small values of chi-square and standard deviations, 
and also the simulated curves fit the experimental curves as well. Furthermore the chi 
square of 0.00037 obtained in model 4 which defines the perfect fit done as shown in 
Figure  3-14(d).  
Table  3-10 Average kinetic parameters from individual fit 
             Temperature 
Average             
k values 15°C 25°C 35°C 45°C 
k1 1.17 1.726 3.296 3.772 
k2 1.46 2.647 18.73 32.514 
k2’ 1.32 1.735 13.691 12.278 
k3 14.95 27.916 40.019 54.66 
k3’ 1.41 1.618 1.348 2.174 
 
On the other hand, statistical analysis evaluates the reaction models by the goodness of fit 
of the data, but not by the physical sense of applying these models to the experimental 
data. Even if a reaction model does not have any physical meaning at all, it may well be 
the best fit to the experimental data. This means that there may be some other 
intermediates and even not those in the kinetic mechanism proposed in Table 3-9. For 
example in the suggested model 4, the product of the first step which is pyro-quinone still 
has another capacity to reduce a third CPZOH
+
. On the other hand even the dimmer 
product shown in Figure  3-13 is able to reduce CPZOH
+ 
molecules by two or three 
sequence reactions. 
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Basically the model 4 is a trial and error assumption of least steps possible in the reaction 
mechanism. Once the best fit model obtained simultaneous fitting carried out on different 
sets of experimental data, to ensure that the kinetic parameters obtained are applicable in 
global mode. 
3.3.2 Global Fitting 
 
After obtaining the individual stimulated models, global fitting is done using the global 
mode in Igor Pro as shown in Figure  3-15(b).  
Global mode contains procedures to build a control panel for automation of the steps 
necessary to do global fitting. It supports fitting a model function to multiple data sets 
simultaneously, with the global model parameters which is same value for all data sets. 
By applying the global fit it can be ensured that the best fitted rate constant values are 
achieved for the whole set of the data in different concentrations. Furthermore it can be 
helpful to identify the outlines or any other existing trends. Therefore, using the best 
fitted model, the programmed model is run for different temperature as shown in Figure 
 3-15 at 15º C, 35º C, 45º C and 55º C; an accurate fit is obtainable from global fitting 
mode. The program is run for all the 25 sets, and then k value obtained for global fit (25 
sets) is held to check the matching quality of defined k with each 5 sets. Thereafter, the 
plots are shown 5 by 5 to ease checking the goodness of fit.    
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Figure  3-15 Stimulated (---) and experimental (°°°°) curves ([CPZOH
+
]: 0.081, 0.073, 0.065, 0.057, 0.049 
mM respectively and [pyrogallol]: 17.625 mM, at different temperatures 
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The Global fit was done for a full experimental design of five different concentrations of 
CPZOH
+
 (0.081mM, 0.073 mM, 0.065 mM, 0.057 mM and 0.049 mM) and also 
pyrogallol (17.625 mM, 15.863 mM, 14.1 mM, 12.338 mM, 10.575mM). The detailed 
results are shown in appendix (II) for the various experimental data fitted by simulated 
graphs. 
 As can be seen an overlapping is evident in the plot shown in Figure  3-15 (e), 55° C 
which must be due to color produced by pyro-quinone and is taken into account in 
modeling program as a coefficient factor of pyro-quinone browning and background. 
Kinetic parameters obtained from global mode of curve fitting for each 20 sets in five 
temperatures are shown in Table  3-11. 
 
Table  3-11 kinetic parameters at different temperatures obtained from model 4 of global fitting  
             Temperature 
Kinetic              
Parameters 15°C 25°C 35°C 45°C 
k1 0.279 0.326 0.726 1.02 
k2 1.341 2.213 20.925 25.502 
k2’ 0.621 0.975 10.669 14.327 
k3 12.247 34.276 35.713 47.676 
k3’ 0.758 0.898 1.948 3.334 
 
Table  3-11 shows how rate constants are affected by increasing the temperature. The first 
step of the reaction, which includes the first RDS, has a rather low rate constant which is 
highly affected by increase in temperature. The forward reaction of the second step has a 
significant increase in rate constant at 35°C which means in this step both CPZOH
+
 and 
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pyrogallol radicals are sensitive to temperature and react almost ten times faster than 25° 
C.  The same trend is observed in the backward reaction of the second step in which there 
is a significant increase in 35°C. Large value of rate constant in third step is observed in 
comparison with two previous steps even in 15°C and this is happened when two 
pyrogallol radicals are bonding to produce a dimmer. The rate constant is increased 
dramatically by applying higher temperature. Finally the backward reaction of the third 
step has a similar trend but the rate of increase in k3’ is lower than those observed in other 
steps by increase in temperature. Comparison between the kinetic parameters obtained by 
local and global mode in data simulation shows they both tally a similar trend in different 
temperatures. Generally in first step of the reaction, k1 values obtained from local mode 
are larger than that of global. At the forward reaction in second step, k2 values of local 
mode in 15°, 25° and 45°C are larger than those of global mode. However this difference 
is not significant. In backward reaction k2’ value of local mode is larger than those in 
global mode in 15°, 25°, 35°. k3 value from local mode is larger in 15°C and 25°C. 
Finally k3’ value of local mode is larger in 15°C, 25°C and 45° C. In all of these values 
the differences observed is not significant. 
3.3.3 Arrhenius Plot 
 
In this section Arrhenius relationship based on five positive k values is shown in Figure 
 3-16 . Similar to the previous section, ln k vs. T
-1
 is plotted and the slope of the linear plot 
would be equivalent of –Ea/R. Therefore Activation Energy can be calculated. As 
mentioned earlier, activation energy depends on both the mechanism of the reaction and 
the reactants structure. The results are summarized in Table  3-12. The range of Ea was 32 
kJmol
-1
 for k3 to 90 kJmol
-1
 for k2’. 
 56 
-1.5
0.5
2.5
4.5
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035
T
-1
/K
-1
ln
 k
k1 k2 k2' k3 k3'
 
Figure  3-16 plot of ln k vs T
-1
 based on Arrhenius equation  
 
Table  3-12 Activation Energy obtained based on Computational Method 
 k1 k2 k2’ K3 k3’ 
-EaR
-1
/ 10
3
K -4294.6 -10193 -10850 -3827.5 -4768.9 
Ea / kJmol
-1
 35.70 84.74 90.20 31.82 39.64 
ln A 13.495 35.472 36.931 15.998 16.106 
A 7.3 x 10
5
 2.6 x 10
15
 1.1 x 10
16
 8.95 x 10
6
 9.98 x 10
6
 
 
 
 The relatively low activation energy of the first step of the reaction between CPZOH
+
 
and pyrogallol which involves the first RDS shows the reaction is thermodynamically 
easy to happen. Second step of the reaction pathway involves a reversible reaction with a 
relatively high value of activation energy for both forward and backward reactions (k2 
and k2’). In this step, pyrogallol radical and CPZOH
+
 react and by reducing the CPZOH
+
, 
CPZ and pyro-quinone are formed. Although this step involves relatively high rate 
constants; their high activation energy shows there are some barriers for the reaction to 
 57 
happen. Therefore the high rate constants may be due to pre-exponential factor A. As 
shown in Table  3-12 pre exponential factors of k2 and k2’ are the highest values among 
others. On the other hand the enthalpy for this reaction is obtainable by calculating the 
difference between activation energies of forward and backward reactions which is a 
value of -5.46 kJmole
-1
. This small enthalpy value shows that the reaction is not greatly 
dependent on the temperature.  
The third step also involves a reversible reaction between two pyrogallol radicals. In a 
similar way to the first step it has low activation energy and seems thermodynamically 
easy to take place.  The rate constants for the forward reaction are almost the highest 
among the other steps which is reasonable according to the reaction of two pyrogallol 
radicals to from a dimmer and reach to a lower state of energy. The enthalpy value for 
this step is -7.82 kJmole
-1
. The frequency factors in this step are the lowest values 
comparing with two other steps (Table  3-12). According to high rate constants and low 
activation energy obtained in this step, the third step is the easiest step to take place 
(especially in forward reaction).  
The low enthalpy values obtained in present kinetic model show that temperature has a 
relatively small influence on reversible reactions in both steps 2 and 3. However, high 
values of activation energies in the second step (k2 and k2’) imply that rate constants are 
strongly dependent on temperature.  
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4 Conclusion 
 
CPZOH
+
 is so stable radical that can withstand for several months under acidic condition 
(50% sulfuric acid media) from the results obtained it is clear that when the reaction is 
subjected to different temperatures other factors such as reactant structures can affect the 
rate constants. Pyro-quinone which formed from pyrogallol in high temperatures cause 
color interference and its extinction coefficient increases in higher temperature 
simultaneously which is taken into account in kinetic modeling. This implies that in high 
possibility some intermediates are produced by temperature elevation. Taken alone, this 
fact is already a very important piece of mechanistic information. 
This kinetic analysis justifiably is capable to reveal complexities in the reaction kinetics 
and prompt some mechanistic clues. It also adequately described the temperature 
dependence of the overall reaction rate. 
The kinetic parameters, kinetic model, the activation energy (Ea), and the Arrhenius pre-
exponential factor (A) have been collected, from the detailed analyses provided, for each 
data set. These parameters are listed in tables according to the original data set.  
The use of chlorpromazine cation radical provides an easy and rapid way to evaluate the 
antiradical activities of antioxidants. For a better understanding of the mechanisms 
involving the CPZOH
+ 
and potential antioxidants, it would be interesting to characterize 
the reaction intermediates and products. To do this, it is necessary to separate these 
compounds by chromatography and to identify them. Although the real mechanism of the 
reaction is not known, the mechanism proposed was in a good conformance with the 
experimental data. This indicates that CPZOH
+
 is successfully used as a free radical in 
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antiradical studies. Although the changes in temperature affect the reaction and the rate 
constant, the overall reaction has not significant sensitivity to the temperature. As a result 
the kinetic model shows a relatively rapid kinetics is observed as the reaction reaches to 
plateau by 40 seconds. However, one should not forget that the mechanistic clues are not 
yet the reaction mechanism, but rather a path to it that can further be followed only by 
using species-specific experimental techniques. 
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5 Future work 
 
This study shows that CPZOH
+
 assay could be a quantitative assay for antiradical 
analysis. However, due to time constraints for this project a preliminary investigation in 
CPZOH
+
 is done to qualify if it is comparable with other radicals in radical scavenging 
assays. According to other assays such DPPH, the reaction is not affected only by the 
general mechanism suggested, but the nature of solvents of the reactants and their redox 
potential are major factors affecting the allover reaction mechanism. In a similar way 
CPZOH
+
 assay must be affected by solvents and reactant species. This should be noted 
that CPZOH
+
 is only stable in highly acidic media. Therefore further study in solvents 
effects can follow our direction to compare the observations in protic and aprotic 
solvents. As mentioned earlier, our proposed mechanism is based on a trial and error 
assumption and to support this assumed model, characterization of the reaction products 
by for instance a liquid chromatograph which is coupled with a mass spectrometer, can 
be helpful.  
On the other hand, in this study pyrogallol is used as antioxidant and radical scavenger 
due to its structure and strong antioxidant characteristics. In order to have an evaluation 
on the kinetic mechanism of CPZOH
+
, using other common antioxidants such as BHT, 
gallic acid and BHA can be further assist to investigate the mechanism generally and to 
see whether similar steps are involved in CPZOH
+
 assay.    
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Appendices 
Part I 
 Program Procedure in curve fitting, Global mode 
 
0CPZ.O
.
 + 1Pyrogallol  2CPZ + 3Pyrogallol
.
 
CPZ.O
. 
+ Pyrogallol
.  
 4Pyro-quinone + CPZ 
Pyrogallol
. 
+ Pyrogallol
. 
5Pyrogallol- Pyrogallol 
 
 
 
#pragma rtGlobals=1  // Use modern global access method. 
#include  <Global Fit> 
 
Function ChemKinetic(pw, tt, yw, dydt) 
 Wave pw // pw[0] = k1, pw[1] = k2, pw[2] = k3, pw[3]= k4, pw[4]=e1, pw[5]=k5, 
pw[6]=k6 
 Variable tt // time value at which to calculate derivatives 
 Wave yw // yw[0]-yw[6] containing concentrations of A,B,C,D,F,G,H 
 
 Wave dydt // wave to receive dA/dt, dB/dt etc. (output) 
  dydt[0] = (-pw[0]*yw[0]*yw[1]+ pw[1]*yw[2]*yw[3] - pw[2]*yw[3]*yw[0] + 
pw[3]*yw[2]*yw[4] )*0.8324 
 dydt[1] = (-pw[0]*yw[0]*yw[1]+ pw[1]*yw[2]*yw[3])*0.0003 
 dydt[2] = pw[0]*yw[0]*yw[1] - pw[1]*yw[2]*yw[3] + pw[2]*yw[3]*yw[0] - 
pw[3]*yw[2]*yw[4] 
 dydt[3] = pw[0]*yw[0]*yw[1] - pw[1]*yw[2]*yw[3] - pw[2]*yw[3]*yw[0] + 
pw[3]*yw[2]*yw[4] – 2*pw[5]*yw[3]*yw[3] +2*pw[6]*yw[5] 
 dydt[4] = pw[2]*yw[3]*yw[0] - pw[3]*yw[2]*yw[4]  
dydt[5]=pw[5]*yw[3]*yw[3]-pw[6]*yw[5]  
dydt[6] = dydt[0]+ dydt[1] + dydt[4]*pw[4]+dydt[5] 
End 
 
Function FitChem(pw,yw,xw):FitFunc 
 wave pw,yw,xw 
 wave A,B,C,D,F,G,H,P 
  
 A[0] =pw[7] 
 B[0] = pw[8] 
 H[0] =pw[7] 
  
 Make/D/O/N= 9 epsilon 
 Epsilon[0] = {0.001,0.001,0.001,0.001,0.001,0.001,0.001, 0.001, 0.001} 
 
 
 IntegrateODE/X=xw ChemKinetic,pw{A,B,C,D,F,G,H} 
 yw=H 
End  
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Part II 
Global mode, simulated data fitted on experimental at different temperatures; 
Fixed concentration of CPZOH+ with 5 different concentration of pyrogallol 
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d. 45ºC 
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  e. 55ºC 
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